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ABSTRACT
Carbon Nano-Foam (CNF) has been used electrochemically for water desalination. CNF
electrodes attract oppositely charged ions flowing in between them and this process is known as
Capacitive De-Ionization (CDI). Once saturated these electrodes lose electrochemical adsorption
and need to be replaced, this increases the cost of the treatment process as CNF is expensive. The
goal of this study is to obtain optimal regeneration and predictive capability by examining CNF
electrodes during regeneration and developing a model to describe desorption behavior. Various
experiments were conducted to explore the effect of shorting, changing polarity of electrodes,
flow velocity of water over CNF electrodes and use of hot water on regeneration of CNF. Data
collected during these tests was used for modeling regeneration behavior of CNF. HSDM model
for kinetics of removal of ions and regeneration of CNF and Langmuir model for describing the
equilibrium was seen best fit.
Keywords: Carbon Nano-Foam, Capacitive De-Ionization, Electrochemical Adsorption.
1

INTRODUCTION

Carbon has been used in different forms for water treatment including electrochemical
desalination. Some carbon forms that have been used are high surface area carbon-cloth or
carbon-felt electrodes and recently electrically conductive carbon nano-foams (CNFs). The
CNFs are a type of carbon aerogel (CA). These are a new type of material with many of the
properties of traditional aerogels. They are synthetic, lightweight foams in which the solid matrix
and pore spaces have nanometer-scale dimensions and are available in the form of monoliths,
granules, powders and papers. Prepared by sol-gel methods, CAs typically have low density,
continuous porosity, high surface area, and fine cell/pore sizes. CAs are also electrically
conductive and have a high capacitance. Similarly a CNF is a highly porous solid material with a
continuous three-dimensional framework formed by replacement of liquid in a gel with a gas, so
that there is little shrinkage. One way of producing a CA is by the aqueous polycondensation of
resorcinol (1,3 dihydroxybenzene) with formaldehyde. The reaction under alkaline conditions
proceeds through a sol-gel transition and results in the formation of a highly crosslinked polymer
that is a resorcinol-formaldehyde (RF) gel. This gel is a 3-dimensional tenuous body, which
typically contains water in the pores. If this water is simply evaporated from pores of the gel,
large capillary forces are exerted and the gel structure is collapsed. This can be avoided if water
is replaced with acetone by placing the gel in an acetone bath for a couple of days. Then the
acetone is extracted by supercritical carbon dioxide. This process results in minimal shrinking
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and thereby preserves the gel skeleton. The nanoporous material that results from this operation
is known as an aerogel. Once the gel has been dried under carbon dioxide supercritical
conditions and all the solvent extracted, the CAs can be derived via the pyrolysis of the organic
precursors. RF aerogels are formed by highly crosslinked aromatic polymers and they can be
pyrolysed in an inert atmosphere to form vitreous carbon monoliths. The resultant porous
material is black in color and known as a CA.
Fabrication of CNFs is similar to CAs in a way. CNFs are fabricated by infusing a RF gel
into the voids of commercially available low density carbon-fiber paper. This material undergoes
gelation, air (not supercritical) drying and pyrolysis to produce light weight, mechanically
flexible and electrically conductive sheets of fiber-supported CNF. Due to their high surface
areas and high electrical conductivities, they are used as electrodes for a range of energy storage
applications e.g. electrochemical double-layer capacitors or supercapacitors.
1.1

Capacitive de-ionization

Recent research has shown that CAs/CNFs can be used effectively for water purification
processes, such as removal of heavy metal ions and desalination of dilute solutions using electrosorption. The idea behind electro-sorption is to force ions or ionic species towards oppositely
charged electrodes with the help of an electric field. Under this kind of environment, charged
ions are held in the strong electrical field of the electrodes. These systems require electrodes with
high electrical conductivity and high surface area. An electrical double layer is formed when
charged surfaces come in contact with a liquid solution that contains ions of an opposite charge
that are attracted to the charged surface. They form a layer adjacent to the surface in which the
concentration of oppositely charged ions is higher than in the bulk solution.
Capacitive de-ionization (CDI) technology is based on electro-sorption. CDI is the process of
removing ions using capacitive adsorption, which is a new way of removing salts and metals ions
from liquid streams. When two oppositely charged electrodes are put very close to each other
they act as a capacitor and create double layers of ions near the electrode surfaces. These
capacitive electrodes are placed in the water to be treated. Oppositely charged electrodes are first
trapped in the double layers and then they are adsorbed onto the porous carbon surface,
producing relatively clean water. A DC voltage (1-2 Volts) is applied to the CNF electrodes
which are placed very close to each other (about 1-2 mm).
Once saturated with counter ions, these electrodes lose their adsorptive capacity and would
need to be replaced. This increases the cost of the treatment process, because CNF is expensive.
Regeneration and reuse of exhausted CNF will eliminate this problem. The use of CA/CNF in
CDI for water purification is well documented, but very little work has been documented on
regeneration of the CA/CNF and the proper methods of operation in order to maximize the
quantity of clean water produced. Modeling of regeneration behavior of CA electrodes is not
available. The goal of this study is to investigate the regeneration of exhausted CNFs in CDI
technology and to develop optimal regeneration procedures and the ability to predict
performance by examining desorption behavior of adsorbed ions on CNF electrodes and
developing a model to describe desorption behavior.
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Figure 1. Schematic diagram illustrating the principle of capacitive deionization with carbon nanofoam electrodes

2

HYPOTHESIS

In principle, regeneration of CNF depends on the extent of desorption and the rate of desorption,
which is controlled by diffusion. Therefore, to control regeneration of CNF, diffusion of
adsorbed ions back to the bulk solution must be maximized. Diffusion is controlled by
concentration gradient. The greater the concentration gradient near the surface of CNF, the
greater will be the rate of diffusion of ions. Also, diffusion is dependent on ion size as well as on
pore size. This will be demonstrated with a combination of ions of various sizes and with CNF
electrodes of varying pore size. Temperature also plays an important role in diffusion because
the diffusion coefficient depends on temperature. The major hypotheses are summarized as
follows:
The rate of desorption is a diffusion-limited process.
Increasing concentration gradients increase the rate of diffusion, which results in increased
rates of regeneration of CNF electrodes.
CNF pores trap ions during the adsorption process and during desorption these ions have
to be released. Therefore, the pore size distribution of CNF is also important in
determining rates of regeneration.
Higher temperature favors diffusion and thus hot feed water will increase extent of
desorption.
The ions reaching the outer surface of CNF are assumed to penetrate further into the CNF
by diffusing along the inner surfaces of micropores driven by the local concentration
gradient of the adsorbate until ultimately adsorbed at the interior adsorption sites. The
reverse of this should be true when it comes to desorption. Thicker CNF would also provide
more surface area for adsorption-desorption.
3

METHODOLOGY

Commercially available CNF (Marketech International, Inc.) was used in all experiments.
Experimental setup consisted of a desalination cell, prepared using glass plates, Nickel filled
electrically conductive epoxy (40-3916 from Epoxies, Etc...), commercially available aluminum
foil and CNF. The cell is prepared in a way that separation between the CNF electrodes is about
43
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1.2 mm. Solutions were prepared in de-ionized water (DIW) with NaCl (Sigma-Aldrich).
Experimental setup is shown is shown in Figure 1. Solution was continuously re-circulated using
peristaltic pump (Cole-Parmer Masterflex Model No. 755-70). A DC voltage of 1.2 Volts was
applied to CNF electrodes from a DC source. Conductivity of the solution was recorded using a
conductivity meter (Corning conductivity meter 441) in a continuous mode using RS232 Data
Logger by Eltima Software. Conductivity meter was connected to a computer with RS232 cable
and RS232 Data Logger saved conductivity values for a period of time in a comma separated
file, which was then imported in spread sheet for further data analysis.
Single desalination cell was used in this study. Adsorption experiments were done until
equilibrium was attained and conductivity of the solution became static after dropping over a
period of time (about 12 hrs). Desorption experiments were conducted with DIW until
equilibrium was reached denoted by static conductivity after it increased over a period of time
(about 12 hrs). Mass balance was done for adsorption and desorption phases and percent
regeneration was calculated. Experimental conditions were imposed shown in Table 1. Results
were compared of each experimental series for analysis. Most of the results are withheld as per
CESRS guidelines as research is ongoing but some of the results are presented in Results and
Discussion below.

Figure 2. Experimental setup

4

RESULTS AND DISCUSSIONS

BET analysis of CNF samples (Figure 3 and 4) shows that CNFs used in this study have a
micropore volume between 0.1-0.14 cc/g. Measuring the micropore filling caused all sorts of
problems as these took an amazingly long time to equilibrate at low nitrogen relative pressure
(i.e.~0.0001) indicating adsorbate restructuring. The BET surface area is ~400 m2/g; the
contribution to the volume adsorbed at that point is entirely micropores. There are some larger
mesopores based on the jump in volume adsorbed at p/po > 0.8. This could be estimated that
mesopore volume is on the order of 0.3-0.4 cc/g. There is very little increase in the volume
adsorbed between 0.1 - 0.4 p/po. Two samples don't look appreciably different except the
thickness (one has 7 mil and other one has 14mil).
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Figure 3. BET curve of CNF sample # 1

Figure 4. Full BET isotherm of CNF sample # 1

Conductivity (mS/M)

2
1.5
1 min
1

2 min
5 min

0.5

14 min
0

32 min
0

200

400

600

800

Time (min)

Figure 5. Effect of time of application of reverse potential on kinetics of regeneration
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Figure 6. Effect of time of application of reverse potential on regeneration of CNF

Multiple series of experiments were done to evaluate effect of various factors (e.g. shorting
of electrodes, applying reverse potential, temperature and flow speed of solutions over CNF
surface) on regeneration of CNF. Table 1 lists all series of experiments done to evaluate these
effects. Out of three DC voltage configurations (no potential, shorted electrodes and reverse
potential) reverse potential regenerated most CNF in these experiments. Results from experiment
series # 3 are presented in Figure 6. It shows percent regeneration of CNF based on percent
recovery of adsorbed moles of Sodium Chloride. Reverse potential of 1.2 V was used for all
experiments. Reverse potential for 2 minutes gave 97.98% regeneration. Figure 5 shows
kinetically all regeneration experiments look alike except the one with 32 min reverse potential.
Table 1. Effect of time of application of reverse potential on regeneration of CNF
Ex. Series #
1
2
3
4
5
6
7
8
9

Conditions
No potential applied + backwash with DI water
Shorting + backwash with DI water
Reverse potential applied (variable time)+ backwash with DI water
No potential applied + backwash with hot DI water ( varying temperature)
Shorting + backwash with hot DI water (varying temperature)
Reverse potential applied (variable time) + backwash with hot DI water (varying temperature)
No potential applied + backwash with DI water (varying speed)
Shorting + backwash with DI water (varying speed)
Reverse potential applied (variable time) + backwash with DI water (varying speed)

Percent regeneration of CNF was lowered with longer application of reverse potential and
this trend was verified when Experiment Series # 3 was repeated multiple times and 90% of
confidence interval calculated. Reverse potential helped in desorption and diffusion resulting in
more regeneration as compared to no reverse potential (Series#1) and shorted electrodes
configuration (Series#2) but the longer reverse potential was applied the more desorbed ions
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were re-adsorbed on opposite electrode as water was being continuously re-circulated. Work on
various experiments with many more combination and parameters is ongoing and most of the
results are withheld for future publication following suggestion made in the ACEDOCS
CESRS_2010_Short_Paper_Template and guidelines.
5

CONCLUSIONS

Reverse potential plays important part in regeneration of CNF but duration of application of
reverse potential is equally important. If reverse potential duration is too short then not many
adsorobed ions are pushed out of pores into solution stream but at the same time if it is applied
for too long then after adsorbed ions are pushed out of pores into solution stream they are readsorbed on opposite electrode. Also, based on experiments done in this study it is suggested that
the duration of application of reverse potential for maximum regeneration varies with variation
in temperature and flow speed. More experiments are being done to evaluate the effect varying
reverse potential on regeneration of CNF. Maximum regeneration of about 98% was achieved for
one set of conditions proving CNF can be regenerated successfully and can be used multiple
times in water desalination of brackish water.
6
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